The experimental technique offered by temperature-modulated differential scanning calorimeter (TMDSC) used to investigate the thermal relaxation dynamics through the glass transition as a function of frequency was studied for pure PMMA and PMMA-single wall carbon nanotubes (SWCNTs) composites. A strong dependence of the temperature dependence peak in the imaginary part of complex heat capacity (T max ) is found during the transition from the glass-like to the liquid-like region. The frequency dependence of T max of the imaginary part of heat capacity (C p ) is described by Arrhenius law. The activation energy obtained from the fitting shows increases while the characteristic relaxation time decreases with increasing mass fraction (φ m ) of SWCNTs. The dynamics of the composites during glass transition, at slow and high scan rates, are also the main focus of this experimental study. The change in enthalpy during heating and cooling is also reported as a function of scan rate and frequency of temperature modulation. The glass transition temperature (T g ) shows increases with increasing frequency of temperature modulation and φ m of SWCNTs inside the polymer host. Experimental results show that T g is higher at higher scan rates but as the frequency of temperature modulation increases, the T g values of different scan rates coincide with each other and alter the scan rate dependence. From the imaginary part of heat capacity, it is obvious that T max is not the actual glass transition temperature of pure polymer but T max and T g values can be superimposed when φ m increases in the polymer host or when the sample undergoes a transition with a certain frequency of temperature modulation.
Introduction
Recently, the modulated differential scanning calorimetry (MDSC) [1] [2] [3] study has been widely used to investigate the dynamics of glass transitions of polymer composites and related materials. In MDSC analysis, the sample is decomposed into reversing and non-reversing signals, is widely used and appears to avoid the uncertain meaning of dynamic thermal analyses in analogy to, e.g., dynamic mechanical or dielectric spectroscopies. In recent studies it has been commonly accepted to present the dynamic thermal properties in terms of the complex, real (storage) and imaginary (loss) heat capacities (C * p , C p and C p ). The concept of frequency-dependent specific heat C * p (ω, T ) (=C * p (ω)) was introduced and the first measurement was performed in the 1980s [4] [5] [6] [7] with an alternating current calorimeter technique. After that it has been widely used to study the dynamics of glass transition of different polymer systems. From a statistical point of view, C * p (ω) appears as a consequence of entropy fluctuations [8] . One advantage of dynamic heat capacity in comparison with other techniques is the fact that C * p (ω) reflects the contribution of all modes, orientational and translational, providing global and direct information of the slow dynamics associated with the glass transition. Thus MDSC is a widely used technique to study the phase transition, glass transition and specific heat measurement of widely available polymeric systems. But the concept of frequency-dependent specific heat is not widely used. It is specially the case in the application fields of polymers, food sciences, pharmaceuticals, etc. where it could be of great interest to characterize the molecular mobility.
Carbon nanotubes (CNTs) have outstanding electrical, mechanical, optical and thermal properties. These properties have significant potential in a vast range of applications such as quantum wires [9] , tips for scanning probe microscope [10] and molecular diodes [11] . Polymers play a very important role in numerous fields of everyday life due to their advantages in lightness, ease of processing, resistance to corrosion and low cost of production. To improve the performance of polymers, composites of polymers and a filler have been extensively used and studied. The use of various nanofillers such as metals, semiconductors, organic and inorganic particles and fibres, especially carbon structures [12] [13] [14] [15] , is of particular interest and a subject of intense investigation. The unique properties of CNTs such as extremely high strength, lightweight, elasticity, high thermal and air stability, high electric and thermal conductivity and high aspect ratio, offer crucial advantages over other nanofillers.
The potential of using nanotubes as a filler in polymer composites has not been fully realized because of processing difficulties. Structural relaxation is the process by which amorphous materials in the glassy state approach a state of thermodynamic equilibrium. Calorimetry, such as DSC, has revealed enthalpic relaxations occurring near the glass transition T g in glassy polymers aged after a variety of heating treatments. It is well known that annealing or variation of heating and cooling rates leads to significant hysteresis in T g because of these structural relaxations [16, 17] . The introduction of nanofillers is expected to interact strongly with these short-range structural relaxations. However, the effective utilization of CNTs in polymer composite applications strongly depends on the quality/uniformity of the nanotubes and the ability to disperse them homogeneously throughout the polymer host [18, 19] . Our previous work was to produce and investigate SWCNT-based nano-composite polymer materials as candidates for the next generation of high-strength, lightweight and enhanced thermal conducting materials [17] . Structural relaxation has been characterized for many polymers by the dielectric spectroscopy method, but this method is versatile, and widely used to study the dynamics of a sample at high frequencies, where it is found that the calorimetric results are the extension of dielectric results. The calorimetric T g includes total degree of freedom such as rotation, diffusion and vibration, while the dielectric T g originates only from the reorientation of molecules.
The main objective of this paper is to study the relaxation dynamics of the glass transition of PMMA + SWCNTs composites at very low frequencies using MDSC and to present the details of frequency-dependent MDSC techniques. Many studies have been done to describe the relaxation behaviour and glass transition for pure polymers in the frequency domain but so far no results have been reported on CNT polymer composites. The PMMA + SWCNT composites were prepared by dispersing SWCNTs and PMMA in a chloroform solution using sonication, and then slowly evaporating the solvent leaving a homogeneous dispersion. The complex heat capacity was measured as a function of temperature and different frequencies of temperature modulation from 0.0138 to 0.0826 s −1 . Then the real and imaginary parts of heat capacity was estimated with the phase between input heat flow and heating rate. In all the samples, we observed the peak maximum in the imaginary part of heat capacity. The effective glass transition temperature, T g , activation energy and dynamics observed in the real and imaginary parts are dependent on the applied modulated frequency of temperature oscillation. The measurement was reported in the region of glass transition of polymers and composites and other regions are not of interest in this study as the dynamics do not change with frequency.
Following this introduction, section 2 describes some of the basics of the experimental procedures for the MDSC and sample preparation. Section 3 presents the experimental results and discussion followed by a general conclusion with future directions presented in section 4.
Experimental

Modulated differential scanning calorimetry
Modulated (temperature) differential scanning calorimetry (MTDSC/MDSC) allows for the simultaneous measurement of the evolution of both heat flow and heat capacity. MDSC differs from conventional DSC where the sample is subjected to a more complex heating program incorporating a sinusoidal temperature modulation accompanied by an underlying linear heating ramp. Whereas DSC is only capable of measuring the total heat flow, MDSC can simultaneously determine the non-reversible (kinetic component) and the reversible (heat capacity component) heat flows. A detailed description of the MDSC method can be found elsewhere [3, [20] [21] [22] [23] [24] [25] .
MDSC experiments were performed using a Model Q200 from TA Instruments, USA. Prior to the experiment with our sample, temperature calibration was done with a sapphire disc, under the same conditions of measurements we used for our studied sample. Q200 is an extension of the heat flux type of a conventional DSC. The method to obtain complex specific heat has been proposed by Schawe based on the linear response theory [3, 21] . In general a temperature oscillation is described as
where T 0 is the initial temperature at time t = 0, T is the temperature at time t, q 0 is the underlying scan rate, A T is the temperature amplitude and ω (ω = 2πf ) is the angular frequency of the temperature modulation. f = 1/τ is the frequency in s −1 where τ was taken as the period of modulation. The results are plotted in the scale of frequency f instead of ω. The heating rate is given by
where A q is the amplitude of heating rate (A q = A T ω). Since the applied heating rate in MDSC consists of two components, q 0 the underlying heating rate and A q cos(ωt) the periodic heating rate, the measured heat flow can also be separated into two components, i.e. the response to the underlying heating rate and response to the periodic heating rate. The latter can be described by
where HF period is the heat flow response to the periodic heating rate, A HF is the amplitude of heat flow and φ is the phase angle between heat flow and heating rate. An absolute value of complex specific heat can be obtained by
where m is the mass of a sample. The data were analysed correcting the phase shift between heating rate and heat flow rate signal. The imaginary part of the complex heat capacity was calculated by correcting the phase angle. The detailed correction procedure can be found elsewhere [26] . By proper calibration for a raw phase angle, we can obtain real C p and imaginary C p parts by
The measured phase angle was corrected using the reported method [26] ; then the real and imaginary parts of the complex heat capacity were estimated.
Preparation of PMMA + SWCNT composites
The required amounts of polymer PMMA (M n = 120 000 g mol −1 , obtained from Aldrich) and SWCNTs (obtained from Helix Materials Solution, Texas, purity > 90%, ash 5%) were first dissolved in chloroform, in separate containers. Then the chloroform solution containing SWCNT was sonicated for 8 h to separate the bundles of nanotubes into individual particles. Then both PMMA dissolved in chloroform and SWCNT dispersed in chloroform were mixed together and again kept for 6 h in an ultrasonic bath. Scanning electron micrographs of the SWCNTs used in this work were given in a previous paper [27] . After that the PMMA+SWCNT solution was finally mixed in a touch mixer (Fisher TouchMixer model 12-810) for 10 min. Optical micrograph studies have been done to clarify the good dispersion of SWCNTs inside host PMMA. The mass fraction was calculated using the following formula from the mass of the CNTs and PMMA. The volume fraction was derived by taking the density of PMMA as 1.2 g cm −3 and assuming the density of CNTs as 1.4 g cm −3 :
where φ m is the mass fraction, M f is the mass of the filler (SWCNTs), M p is the mass of the polymer (PMMA), φ v is the volume fraction of SWCNTs, ρ p is the density of PMMA and ρ f is the density of filler (SWCNTs). Due to strong van der Waal attraction, CNTs bundle together in high mass fraction, which reduces the dispersion quality of nanotubes inside a polymer matrix. In our case, after casting the required amount of sample on a silver sheet, the remaining solution of PMMA + SWCNT + choloform was stored in a tightly capped bottle and no significant segregation occurred over several days indicating the quality of dispersions. For the MDSC measurements, the samples were sealed inside a standard hermetically sealed pan.
Before sealing in the hermite pan, each sample was heated for 15 min at 127
• C in vacuum to remove the trapped chloroform. The MDSC experiment was carried out with heating and cooling rates of 2.0, 0.4 and 0.1 K min −1 and dry ultra pure nitrogen gas with a flow rate of 50 ml min −1 was purged through the DSC cell. For accurate measurement of specific heat or to decrease the uncertainty, the reference and the sample hermite pans were chosen carefully. The mass of the pan used was (0.0504 ± 0.0004) g; here 0.0004 is the standard deviation of the pan for three different sample pans (three different mass fractions of PMMA + SWCNT) and a reference pan used for this study. The mass of the three samples taken in all the measurements is ∼10 ± 0.2 mg. The temperature modulation amplitude was chosen to be 1.2 K. We have studied three distinct samples, pure PMMA, and 0.014 and 0.080 mass fractions of SWCNTs dispersed in PMMA composites. Each sample was scanned with the above-mentioned three different scan rates and with modulation frequencies ranging from 1/160 to 1/30 s −1 . . The real part of specific heat ( C p ) was normalized to zero far above the glass transition at 405 K and the imaginary part was also normalized by subtracting a base line. It is observed that the maximum rate of change of C p occurs in the region of glass transition and it depends on the applied frequency of temperature modulation. Similar change in C p was observed during heating and cooling of the real part of heat capacity. The change in magnitude of the imaginary part of heat capacity, C p , shows a difference during heating and cooling with frequency of temperature modulation. This explains the difference in structural relaxation and mobility of the sample during heating and cooling. There is no difference in the real part of specific heat observed in the SWCNTs + PMMA composite samples during heating and cooling. The magnitude of C p between the liquid and the glass regions, i.e. C range studied. The imaginary part of complex specific heat capacity, during heating, C p (f ) ( figure 1, bottom panel) , is characterized by an asymmetric peak with a smaller slope at the low temperature side than at the high temperature side, which can be characterized by the molecular distribution of intrinsic structural relaxation and related to the dynamic glass transition. The slope increases with decreasing frequency of temperature modulation at low temperatures without changing the high temperature slope during heating. The temperature where the imaginary specific heat shows the maximum value (T max ) shifted towards a lower temperature with decreasing frequency indicating the slowing down of the dynamics of the systems. The cooling C p shows a similar peak maximum shifted to a lower temperature from 1/30 to 1/70 s −1 and less change in magnitude than the heating results. After 1/70 s −1 , there is no significant change in peak maximum observed during cooling as compared with heating. The C p peak during cooling is very symmetric without any change in slope in the high and low temperature sides.
Results and discussion
In our previous work [17] , we studied the glass transition temperature, which showed that T g increases with scan rate. Figure 3 shows the glass transition temperature for PMMA, 0.014 and 0.080 mass fractions of SWCNT + PMMA composites with frequency of temperature modulation. In all these three samples, highly dependent T g increases with increasing frequency of temperature modulation and scan rate. But this shows that in all PMMA and SWCNT + PMMA composites, T g of different scan rates approach the same value as the frequency of temperature modulation increases, and after a certain frequency of modulation, the T g value of low scan rate (0.1 K min −1 ) becomes greater than for the high scan rate (2 K min −1 ) ( figure 3, bottom) . This cross over of T g between different scan rates with frequency of modulation shifts to a lower frequency as φ m increases. This shows that the dynamics of the glass transition are highly dependent on the frequency and the nanotube dispersion can significantly alter these dynamics with modulated frequency. Figure 4 shows the maximum peak temperature of the imaginary parts of complex specific heat (T max ) and glass transition temperature T g , with frequency of temperature modulation, for PMMA, 0.014 and 0.080 mass fractions of SWCNTs in host PMMA at 0.4 K min −1 scan rate. T max is the temperature of peak value of the imaginary part of specific heat while heating and T g obtained using DSC software from the heating run of reversible heat capacity during step like feature of transition. T max is the temperature where maximum loss appears. The glass transition where the polymer undergoes change from the liquid-like phase to the glassy region and both T max and T g may not be the same. For pure PMMA and 0.014 mass fraction of SWCNT + PMMA composites, T max is higher than T g , in the low frequency region and both T max and T g values approach each other as the frequency increases and at a particular frequency (0.029 s −1 for PMMA) they cross each other and T g becomes higher than T max . As the mass fraction of SWCNTs increases, for 0.080 mass fraction, T max and T g values overlap up to 0.17 s −1 and then cross each other to give a T g value higher than the T max value. This indicates that the cross over point between T g and T max shifted towards the lower frequency as φ m increases.
The frequency dependence of glass transition can also be interpreted by Arrhenius law. Figure 5 shows the relaxation time (τ in s −1 : τ is the modulation time period) in log scale, versus inverse peak temperature of the imaginary part of complex heat capacity (1000/T max ). Figure 5 shows two 
where E is the activation energy and τ 0 is the characteristic time. Deviations with regard to the Arrhenius behaviour are shown in the case of 2 K min −1 scan rate. The pure PMMA data follow better Arrhenius behaviour than the nanotube composite sample. It is clear from the fitting that the slope increases with the volume fraction of the nanotubes in PMMA + SWCNT composites. The fitted values of activation energy and the characteristic time are given in table 1. The activation energies at 2.0 and 0.4 K min −1 scan rates, for pure PMMA, 0.014 and 0.080 mass fractions of SWCNT + PMMA composites were 25 600 K, 26 000 K, 29 000 K and 23 000 K, 27 000 K, 29 200 K, respectively. This shows that activation energy increases as the volume fraction of nanotubes increases inside the polymer systems. In other words, during the process of formation of a continuous network, the polymer chains stack over the CNTs to form a strong network, thus the significant increase in the activation energy and since this follows Arrhenius behaviour, materials become stronger. On the other hand the characteristic time decreases with increasing mass fraction of SWCNTs for both the scan rates, as shown in table 1. Figure 6 shows the enthalpy ( H ) of PMMA and 0.080 mass fraction of SWCNT + PMMA composite with frequency of temperature modulation. This enthalpy was estimated by integrating the imaginary part of complex specific heat C p . In the low frequency range, H heating and H cooling show a large deviation in both PMMA and 0.080 mass fraction of SWCNT + PMMA composite. Both the cooling and heating enthalpies approach each other as the frequency of modulation increases. This deviation of H between heating and cooling at a low frequency decreases with scan rate. For a very low scan rate of 0.1 K min −1 , there was no significant deviation observed between heating and cooling throughout the frequency range studied. Another significant difference can be noticed from the figure, that is enthalpy H increases at frequency 0.033 s −1 as the scan rate decreases in the SWCNT + PMMA composite which does not occur clearly in the case of pure polymer.
Conclusion
Frequency dependent dynamic heat capacities of PMMA and SWCNT + PMMA composites have been observed in the glass transition region by modulated DSC. In the vicinity of T g , a remarkable temperature dependence is clearly observed in the real and imaginary parts of complex heat capacity. The interesting relaxation phenomena observed in the imaginary part and the dynamics of glass transition obtained from the real part of heat capacity are discussed with frequency of temperature modulation, when the polymers undergo a transition from the solid-like region to the liquid-like state. The activation energy calculated from Arrhenius behaviour increases with mass fraction of nanotubes. The change in enthalpy between heating and cooling data is discussed with different scan rates to understand the molecular behaviour during glass transition. This experimental study must be helpful in understanding the thermal properties such as glass transition, fragility, relaxation behaviour, enthalpy loss and mechanical properties of polymer-CNT based composites. These parameters can be controlled by adjusting the properties of the nanofillers, applied frequency and rate of heating and cooling the materials.
